In order to improve the conductivity and anticorrosive resistance of bipolar plates in fuel cells, the characterizations and corrosion behaviors of the DLC-coated SUS316L steel deposited with different gas ratios CH 4 /H 2 and deposition times were investigated and evaluated. e chemical bonding structure and composition of the DLC coatings were confirmed by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). e micromorphology and surface roughness of the DLC were observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). e element compositions of cross section were determined by electron probe microanalysis (EPMA). e interfacial contact resistance (ICR) was measured. Furthermore, the DLC-coated SUS316L steel was corroded by potentiostatic polarizations in a 0.5 M H 2 SO 4 solution at 0.8 V, 90°C for 168 h, and the corrosion behaviors were investigated in the solution using electrochemical techniques. In addition, the metal ions in sulfuric acid corrosion solution were detected by inductively coupled plasma-atomic emission spectroscopy. e results indicate that the DLC coatings deposited at a lower gas ratio CH 4 /H 2 of 1 : 1 could result in a decreasing ID/IG ratio of 1.03, low Ra roughness of 3.77 nm, low ICR of 12.9 mΩ cm 2 , and low metal ion concentration of 16.60 ppm in the corrosion solution. e significant improvement in the anticorrosion resistance of the DLC film was mainly due to the increased sp 3 element and formation of the passive film. As a result, the DLC coating deposited on the SUS316L steel at CH 4 /H 2 � 1 : 1 has better anticorrosion properties. However, the DLC filmcoated SUS316L steel still cannot meet the corrosive resistance of the bipolar plate.
Introduction
Recently, the more efficient and cleaner energy technologies have been attracted extensive attention. Fuel cells convert chemical energy directly into electrical energy, meanwhile they are environmentally friendly [1] . Polymer electrolyte membrane fuel cell (PEMFC) is one of the most potential energy devices for residential and commercial applications, which are efficient and virtual zero-emissions [2] . As an important component of the PEMFC stack, the bipolar plate plays an important role in providing the electrical contact and transporting current from neighbouring cells, distributing air evenly to the gas diffusion layer-electrode assembly and removing heat and liquid from the active areas [3] . However, the bipolar plates have the disadvantage of high weight, volume, and high expensive cost. erefore, it is necessary to reduce the cost, volume, and weight of the bipolar plate for the development of PEMFCs [4] . Meanwhile, bipolar plate should have high anticorrosion resistance, low interfacial contact resistance (ICR), low weight, low-volume high mechanical manufacturability, and so on [5] .
As the traditional bipolar plate material, graphite has the advantage of high electronic conductivity and excellent chemical stability in fuel cells. But, it is fragile to impact and it has the disadvantage such as high manufacture costs of gas flow channels and large volume because of its brittleness [6] . e stainless steel has the advantages of high volumetric resistance and mechanical strength, low gas permeability, and economic to manufacture in fuel cells. Its easy machining and shaping properties result in a low volume. erefore, the metal bipolar plates such as stainless steel, aluminium, and titanium are ideal candidates and commercially available compared with graphite [7] . But, the metal bipolar plate is prone to corrosion in strong acidic fuel cell condition of the electrolyte membrane with a pH value of about 2-3 [8] . Titanium shows better corrosion behavior and higher mechanical properties but more expensive cost than stainless steels. Aluminium is not as good as stainless steel and titanium due to its higher corrosion rate and shorter life. e dissolved metal ions, generated from corrosion, can poison the active sites of the polymeric electrolyte membrane resulting in decreased power output of the PEMFC [8] .
To overcome these drawbacks, depositing a protective coating on the metallic bipolar plate is necessary by various surface modification techniques. Some studies have been researched to prevent the bare metal bipolar plates from being corroded by acidic fuel cell environment. Oladoye et al. [9] pointed out that PTFE-(polytetrafluoroethylene-) alumina coatings deposited on the aluminium alloy using the CoBlast process exhibited about a twofold increase in the polarisation resistance of the AA3003 alloy substrate. e suitability of PTFE-coated stainless steel and titanium for use in a PEMFC environment was explored by Baroutaji et al. [10] who described that PTFE coating improved the corrosion resistance but increased the ICR of the coated metals due to the unconductive nature of such coating. Fu et al. [11] reported the carbon coatings on SUS316L substrates by pulsed-bias arc ion plating (PBAIP). ey found the excellent performance such as low ICR, high anticorrosion resistance, and high contact angle of the coating with water compared with contact angle of the bare sample with water substrate. Zhang et al. [12] showed that the structure of DLC coating deposited on 316L stainless steel, CoCrMo alloy, and Ti6Al4V substrate by filtered cathode vacuum arc (FCVA) was similar, and the DLC coating revealed a higher corrosion potential and a lower corrosion current than the bare metal substrate. Toro et al. [13] employed DLC film prepared by plasma-enhanced chemical vapor deposition (PECVD) as the barrier coating against corrosive environment and showed that hydrogen variation was the key factor affecting the DLC film resistance by evaluating the correlations between protective behavior and microstructural properties at the atomic scale. Ye et al. [14] researched the tribocorrosion mechanisms of the 304L substrate and multilayer DLC-coated 304L by magnetron sputtering technology in seawater and manifested that the multilayer DLC coating emerged a better antitribocorrosion properties under different potentials. Compared with the other coating techniques, the ion beam enhanced deposition (IBED) method has many advantages such as lower compressive stress due to the production of a graded interfacial, higher film-substrate adhesion, better surface properties of highprecision parts, and selective surface modification, which enables a series of beneficial surface property modifications without detrimentally affecting the bulk properties [15] . Because the IBED augmenting ion beam is controlled independently, film properties such as the interfacial adhesion, density, grain size, and morphology as well as internal stresses can be optimized [16] . e difference between IBED and physical vapor deposition method is that the reactants are delivered individually to the surface directly in the IBED process. e energy of the reaction is supplied by the kinetic energy of ions instead of the plasma temperature, which provides more control over the reaction process and more flexibility in the film properties. en, an alloyed bond layer is formed to promote adhesion of the film. Film-substrate adhesion is achieved without the external application of heat, and the deposition temperature can be held below 93°C (200°F) [17] . e DLC films generated by precursor CH 4 with higher H/C ratio exhibit a higher diamond structure [18] . e addition of H 2 gas leads to a denser film structure and a smoother surface by attaching and passivating the dangling carbon bonds [19] . Wu et al. [20] studied the effects of flow ratio of H 2 and CH 4 on the structure of DLC coatings. e H 2 /CH 4 ratio of 1 : 1 led to a higher adhesion.
In this paper, SUS316L substrates were coated with amorphous hydrogenated carbon (a-C : H) coatings using IBED technique. e characterizations and corrosion behaviors of the DLC-coated SUS316L deposited with different gas ratios CH 4 /H 2 and deposition times were investigated and evaluated. Furthermore, the chemical bonding structure and composition of a-C : H films were evaluated. e purpose of this paper is to analyze the anticorrosion property of the DLC-coated SUS316L substrate.
Materials and Methods
e DLC films, formed by a-C : H, were deposited onto the SUS316L (Cr 18 wt.%, Ni 12 wt.%, Mo 1.3 wt.%, C 0.01 wt.%, and balanced Fe) using gas CH 4 and H 2 by IBED technology. Overall, the deposition mechanism is complex. In ion beam deposition process, the hydrocarbon gas is ionized and extracted through a grid by an accelerating voltage. en, the ionized hydrocarbon ions are accelerated to form ion beam. Several reactions, electron-neutral, ion-neutral, and neutralneutral reactions, are taken place in plasma. ese different species of positive ions, radicals, and other hydrocarbons are generated in these reactions.
ere are several surface processes such as adsorption, desorption, direct incorporation of ions, reemission of H, ion-induced incorporation of neutral radicals, adsorbed layer reactions, surface etching reactions, and sputtering in the species deposition of the DLC film [21] . e neutral species promote DLC film growth due to the ion mass deposition rate [19] . e most species in plasma and these species that contribute more to DLC growth are CH 5 + and CH 3 + ions. e schematic diagram of IBED process is illustrated in Figure 1 [17] . e film comprises a fully dense coating and a ballistically bonded zone, i.e., a permeation layer. In the IBED process, high-energy ions mix the initial atom layers of the film material into the surface being coated. It forms an alloyed bond layer which improves coating adhesion and allows coatings to be applied to virtually any substrate without an intermediate layer. e coating grows from the alloyed layer and the high-energy ion ux controls the coating's grain structure, density, and residual stresses [16] .
ese substrates with size of 100 mm (L) × 100 mm (W) × 0.1 mm (H) were ultrasonically cleaned in acetone for 15 min to remove the grease contamination from the surface. Prior to the deposition, the chamber was evacuated to a base pressure of 4 × 10 − 4 Pa for producing plasma discharge. en, CH 4 and H 2 mixture was injected into the chamber, and the pressure was xed at 2 × 10 − 3 Pa. e gas ow, accelerating current, and voltage were xed at 0.4-0.5 sccm, 2.5 mA, and 10 kV for all the samples. At last, the DLC coatings were deposited on the SUS316L successfully. All the samples were cooled down inside the chamber after processing. Four types of coatings were formed in this paper ( Table 1) . e chemical bonding structure and composition of the DLC coatings were con rmed by NRS-4100 Raman spectroscopy using the laser wavelength of 532.0 nm and Physical Electronics (PHI) Quantum 2000 X-ray photoelectron spectroscopy (XPS) using a monochromatic Al-Kα X-ray source with an energy of 1486.6 eV, operating at 13 kV and 12 mA. e chamber pressure was xed at ∼1.33 × 10 − 7 Pa. e pass energy was set to 20 eV to make sure high resolution and high sensitivity.
e micromorphology and surface roughness of the coatings were observed and evaluated using scanning electron microscopy (SEM) and SPM-9500J3 atomic force microscopy (AFM). e cross section used for SEM was milled by a focused ion beam (FIB) with a JIB-4500 multibeam system. e element compositions of the cross section polished with a diamond paste (0.05 μm) were determined by an electron probe microanalysis (EPMA) JXA-8900R. e ICR of the specimen was evaluated by a similar way on previous studies [22] .
At last, the DLC-coated SUS316L was corroded by potentiostatic polarizations in 0.5 M H 2 SO 4 at 90°C for 168 h. e schematic diagram of corrosion test is shown in Figure 2 . e metal ions in the sulfuric acid corrosion solution were detected by inductively coupled plasma (ICP) atomic emission spectroscopy after the corrosion experiment.
e electrochemical behaviors of all samples were analyzed in 0.5 M sulfuric acid solution at 90°C by the conventional three-electrode system. e DLC-coated SUS316L sample was acted as the working electrode, a platinum sheet as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. e sample was cut to a size of 20 × 20 mm 2 by a circular saw after the deposition, and then sealed with epoxy resin and exposed one end with an area of 10 × 10 mm 2 . Figure 4 . e DLC lms on the surface are very dense. e thickness of the fully dense coating cannot be clearly de ned because of the permeation Advances in Materials Science and Engineering 5
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layer. e DLC layer has a maximum thickness of the fully dense coating of about 569.8 nm from Figure 4(b) . e average thickness of the fully dense coating is about 543.4 nm, 543.3 nm, and 407.6 nm, respectively, from Figures 4(c)-4(e). With the increase of time, the high-energy ion beams continuously bombard the growing film, and the surface desorption process plays a dominant role. So, the coating atoms are penetrated into the substrate with more energy, which reduces the thickness of the fully dense coating and increases the thickness of the permeation layer [16] . e carbon element concentration distribution of DLC film-coated SUS316L was determined by EPMA. e sample to be analyzed was bombarded by an electron beam which would emit X-rays with wavelengths characteristic to specific elements.
en, the concentration distribution and diffusivities of elements could be obtained accurately by EPMA mapping [23, 24] . e average thickness of the carbon permeation layer is about 25 μm, 8 μm, and 7 μm, respectively, from Figure 5 (b), 5(f ), and 5(h). e liner scan of carbon is not significantly reduced in Figure 5(d) , so the thickness is estimated to be 35 μm combined with the carbon concentration distribution ( Figure 5(c) ). e limited lateral resolution may also reduce the accuracy of the results. e liner scans indicate that the carbon concentration decreases with the distance. e thickness of the DLC film deposited on the SUS316L substrate at the condition of gas ratio CH 4 / H 2 � 1 : 1 is thicker than that of CH 4 /H 2 � 1 : 0. As the increase of deposition time, the penetration depth of DLC increases because of the increase in the high-energy ion beam, but the intensity of carbon weakens. e coating atoms are penetrated into the substrate with more energy to reduce the thickness of the fully dense coating and increase the thickness of the permeation layer at the deposition time of 12 h.
Raman Spectroscopy.
e chemical bonding structure was characterized by Raman spectroscopy because it is nondestructive. e Raman feature of DLC coating has been explained previously [18, 25] . e G (graphite) peak is resulted from the stretching mode of sp 2 sites (both olefinic and aromatic), while D (disorder) peak results from the breathing mode of sp 2 sites (only aromatic) [26] . e position of G-peak and the ratio of D-peak to G-peak (ID/IG) are the important factors which fully depend on the structure of DLC coating. In order to extract these factors, the Raman spectrum of DLC coating was decomposed to two Gaussian peaks (D-peak to G-peak). Figure 6 exhibits the typical Raman spectra of DLC films deposited on SUS316L. e spectrum displays a broad asymmetric Raman scattering band in the range of 1000-2000 cm − 1 , representing typical features of carbon coating.
Raman features such as ID/IG ratio and G-peak position are specifically shown in Table 2 .
e Raman shift error exists due to factors such as the pixel of detector, laser wavelength accuracy, and the fitting by a Gaussian method [27] . e variation of G-peak position toward higher Raman shift shows that the chemical bonding is changed from olefinic to aromatic. e G-peak position is changed from 1558 to 1570 cm − 1 by decreasing the CH 4 ratio and the deposited time for the SUS316L substrate. Moreover, the decreased ID/IG shows an increase in size and number of clusters, a decrease in chain-like structures [19, 28] . ID/IG ratio of the DLC film deposited on SUS316L at gas ratio CH 4 /H 2 � 1 : 1, 6 h is 1.03, meanwhile ID/IG of DLC coating deposited at gas ratio CH 4 /H 2 � 1 : 0, 6 h is 1.21. Meanwhile, the G-peak position is shifted from 1558.45 to 1568.85 cm − 1 indicating the increase in sp 2 -C content. In a-C : H coating, a decrease in ID/IG corresponds to a decrease in sp 2 /sp 3 . erefore, the DLC film deposited at CH 4 /H 2 � 1 : 1, 6 h has a higher sp 3 content with a diamond-like tetrahedral structure which leads to a better anticorrosion resistance [29] .
XPS Analysis.
e C 1s XPS profiles of DLC films deposited on SUS316L are shown in Figure 7 . e strong amorphous carbon peaks at 284.6 eV and 285.6 eV are identified to represent sp 2 -C and sp 3 -C bonding indicating that the DLC coating is deposited on the SUS316L successfully [30] . e surface oxide film on SUS316L having a thickness of 2-4 nm means a very small oxygen content [31] . e DLC film may contain oxygen content and not just from oxidation in the air. e oxygen atomic concentration of DLC films deposited at CH 4 � 1 : 1, 6 h; CH 4 / H 2 � 1 : 1, 12 h; CH 4 /H 2 � 1 : 0, 6 h; and CH 4 /H 2 � 1 : 0, 12 h is about 17.92%, 21.59%, 21.84%, and 27.77%, respectively. It is known that DLC coatings with more C-H bonds and less C�O and C-O bonds (around 286.5 eV) suggesting a denser coating [32] . e gas ratio CH 4 /H 2 � 1 : 1 with a higher H/C ratio led to a less graphitic structure (sp 2 -C) from Table 2 and Figure 7 . It may be due to the interaction between hydrogen and the dangling bonds of carbon during the deposition process. e hydrogen could attach and passivize the dangling carbon bonds. With the increase of time, the high-energy ion beams continuously bombard the growing film, causing sp 3 -C to break down into the stable two-dimensional sp 2 -C structure.
Interfacial Contact Resistance.
e low ICR is the key factor to obtain high performance for metallic bipolar plates of PEMFCs. e ICR of the SUS316L substrate and DLC films at 150 N/cm 2 is shown in Table 3 . e ICR is obtained by subtracting the resistance of the substrate from the resistance of DLC film-coated SUS316L [33] . e good conductive performance depends on high content of sp 2 -C bonds. Since the DLC film penetrates into the substrate from EPMA results, the increase of ICR under the condition of CH 4 /H 2 � 1 : 0 may be due to an increase of sp 3 -C content in the permeation layer. It results that ICR is not in good agreement with the sp 2 /sp 3 ratio mentioned above. erefore, the DLC film-coated SUS316L at CH 4 / H 2 � 1 : 1 is available for fuel cells. Nevertheless, the DLC films deposited at CH 4 /H 2 � 1 : 1, 12 h showed lowest resistance of 12.9 mΩ cm 2 which is still slightly higher than the Department of Energy's (DOE) target (2020) of 10 mΩ cm 2 [34] . 6 Advances in Materials Science and Engineering Figure 8 shows the surface morphology SEM images of SUS316L (a) and DLC films deposited at (b) CH 4 /H 2 � 1 : 1, 6 h; (c) CH 4 /H 2 � 1 : 1, 12 h; (d) CH 4 /H 2 � 1 : 0, 6 h; and (e) CH 4 /H 2 � 1 : 0, 12 h after the corrosion experiment. e cross-section morphology SEM images of SUS316L and different DLC coatings are presented in Figure 9 . DLC films are still found on the surface of the substrates, and the thickness of the DLC film is thinner than before from these pictures. It is observed that the DLC films are destroyed in corrosion test, and some cracks appear on the surface. e surface morphology is changed and some larger corrosion pits are observed on the surface at the condition of CH 4 /H 2 � 1 : 0, 6 h than those of CH 4 /H 2 � 1 : 1, 6 h. e pitting corrosion regions are marked with red circles, as shown in Figure 8 . SUS316L constituents like Fe, Cr, and Ni are stable in elemental form below − 0.7 V vs. SCE. In the fuel cell operating conditions, SUS316L constituents are stable in the form of Fe 2+ , Fe 3+ , Ni 2+ , and Cr 3+ oxidized states [34] . In the corrosion test of high temperature acidic solution of 168 hours, a small amount of acidic solution penetrates into the film and contacts with SUS316L. en, oxide is generated between the substrate and the film, causing the DLC film to rupture and forming pitting corrosion. For the DLC films coated on the SUS316L substrate, a local region is suffered from accelerated corrosion due to the pits. Figure 10 displays the typical Raman spectrum of DLC films deposited on SUS316L after corrosion test. e G-peak intensity of the DLC film at the condition of CH 4 /H 2 � 1 : 0, 6 h is weaker than that of CH 4 /H 2 � 1 : 1, 6 h, indicating a reduction of sp3-C ratio. erefore, the DLC film deposited at CH 4 /H 2 � 1 : 1, 6 h has the better corrosion resistance.
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Corrosion Resistance of DLC Films.
Metal ion concentration in the corrosion solution is important for evaluating the corrosive resistance of the bipolar plate. Hence, metal ion concentration for the bare and DLC film-coated SUS316L after 168 h corrosion test is summarized in Table 4 . Compared to the concentration of the uncoated substrate, the metal ions leached from DLC film-coated SUS316L have a significant reduction with a minimum of 16.60 ppm, indicating that the DLC films play an important role in protecting the substrate. e main reason is that there is an easily corroded place on the surface of the DLC film coated on SUS316L. e pitting reaction takes place in the passivation film formed on SUS316L due to the self-excited reaction, and some pores are formed on the substrate [35] . In addition, there are hydrogen ions in the corrosive solution, forming a strong corrosion layer and accelerating the corrosion rate [36] , meanwhile, intergranular corrosion cracking inside the SUS316L. All of these have a destructive effect on the DLC film coated on the SUS316L. From oxygen content of the DLC film deposited at CH 4 /H 2 � 1 : 0 also accelerates corrosion rate in an acidic solution. After 168 h corrosion test, part of the substrate is exposed to the acid corrosion solution, which is more susceptible to corrosion. Meanwhile, the corrosion behavior is consistent with the crosssection SEM images of the DLC coatings showed in Figure 4 . e polarization curves of SUS316L and DLC filmcoated SUS316L in the 0.5 M sulfuric acid solution purged with air at 90°C are shown in Figure 11 . In comparison with the bare, the DLC film-coated SUS316L exhibits a more noble corrosion potential and more stable passive region in simulated cathode condition. Corrosion potential reaches a maximum of about 0.1 V at the condition of CH 4 /H 2 � 1 : 1, 12 h, which is significantly greater than the bare of about − 0.2 V. e higher corrosion potential usually implies the better corrosion resistance because of the higher electrochemical stability [5] . At the cathode potential of around 0.6 V under the fuel cell operating condition, the corrosion current density of the bare is about 19 μA/cm 2 . As for the DLC film-coated SUS316L, the corrosion current density is reduced to a minimum of 0.5 μA/cm 2 at CH 4 /H 2 � 1 : 1, 6 h and 12 h. e corrosion current density of DLC films deposited at CH 4 /H 2 � 1 :1 meet the DOE's 2020 target of 1 μA/cm 2 (0.5 M H 2 SO 4 solution with 5 ppm HF, 70°C) [37] . A smaller current density means a lower corrosion rate. All the DLC filmcoated SUS316L exhibit the similar passivation behavior. e high active peak could be viewed because of the active dissolution and the oxidation. e passivation film formed on the surface could protect SUS316L from contacting sulfuric acid solution, so as to avoid corrosion. e DLC films deposited at CH 4 /H 2 � 1 :1 have the better electrochemical behavior and higher corrosion resistance due to the intrinsic microstructure properties from the surface morphology, which are in accordance with the ICP results. e polarization behavior under the anode condition was not examined because the corrosion behavior of anode condition would be weak [33] .
Conclusions
In this paper, the dense and uniform DLC films as the protective film were successfully deposited on SUS316L steel using IBED technique by changing the gas ratio CH 4 /H 2 and deposition time. e microstructure and corrosion properties of the films were evaluated taking into account for Advances in Materials Science and Engineering different deposition conditions. We observed that the gas ratio CH 4 /H 2 of 1 : 1 contributed to the increase in film thickness and sp 3 bond fraction, resulting in a decrease in corrosion current density and metal ion concentration. Because hydrogen restores the high potential of the oxidic species in the SUS316L surface such as Fe, Cr to the low potential, which results in easier formation of Fe-C, Cr-C bonds on the substrate, improves the adhesion and density between the film and substrate. e metal ion concentration and surface roughness of DLC coating deposited at 6 h are obviously lower than those of DLC deposited at 12 h. e pitting corrosion takes place in the passivation film due to the self-excited reaction, and some pores are formed on the surface to accelerate the corrosion rate. As a result, the DLC film-coated SUS316L steel deposited at CH 4 /H 2 of 1 :1 and deposition time of 6 h has the best corrosion resistance with a dense film thickness of about 569.8 nm and a carbon permeation layer thickness of about 25 μm, indicating the low corrosion current density of 0.5 μA/ cm 2 and low metal ion concentration of 16.60 ppm because of the higher chemical inertness and the few pinholes. e corrosion current density of DLC film-coated SUS316L deposited at CH 4 /H 2 � 1 :1 meets the DOE's 2020 target of 1 μA/ cm 2 . Nevertheless, the DLC films deposited at CH 4 /H 2 � 1 :1, 12 h with the lowest resistance of 12.9 mΩ cm 2 is still higher than the DOE's target (2020) of 10 mΩ cm 2 . Based on these discussions, the DLC films are useful to restrain the corrosion process. However, the DLC film-coated SUS316L steel still cannot meet the resistance of the bipolar plate. Hence, future work would be needed to improve the DLC film-coated SUS316L resistance by adding a conductive path to the DLC film while reducing the cost of the manufacturing.
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